Phenological and physiological responses of plants to climate change are key 24 issues to understand the global change impact on ecosystems. To evaluate the 25 species-specific responses, a soil-warming experiment was conducted for seven 26 understory species having various leaf habits in a deciduous forest, northern 27 Japan; one evergreen shrub, one semi-evergreen fern, one summer-deciduous 28 shrub, and four summer-green herbs. Soil temperature in the warming plots 29 was electrically maintained 5ºC higher than control plots. Responses of leafing 30 phenology highly varied among species: new leaf emergence of the evergreen 31 shrub was delayed; senescence of overwintering leaves of the semi-evergreen 32 fern was accelerated resulting in the shift to deciduousness; leaf shedding of 33 the summer-deciduous shrub was accelerated. Among four summer-green 34 species, only an earliest leaf-out species advanced growth initiation, but the 35 period of growth season was not changed. Physiological responses to soil 36 warming were also highly species-specific: the warming treatment increased 37 the photosynthetic activity of the summer-deciduous shrub and one 38 summer-green species, decreased that of the semi-evergreen fern, while other 39 species did not show any changes in photosynthetic traits. Totally, the soil 40 warming impacts on understory plants was apparent in spring. 
. This is related to the 66 relatively high light received in spring, when canopy trees have no leaves, in 67 combination with moderate temperatures. However, understory growth is not 68 restricted to spring and a wide array of leaf habits co-exists in a deciduous 69 forest, such as summer-green, evergreen, semi-evergreen and 70 summer-deciduous plants (Kikuzawa, 1989; Uemura, 1994) . All these leaf 71 habits occupy a niche in strong relation to the light availability and favorable 72 temperature in the understory. Therefore, large changes are expected in this 73 ecosystem with a global change in temperature. Higher temperature can 74 directly affect the phenology and physiology of understory species but also 75 indirectly through changes in phenology of canopy tree species or snow cover 76 and drier conditions. warming are not necessarily limited to functional groups as defined by 96 Rollinson and Kaye (2012) . 97
In this study, we focus on the phenological responses to soil warming of 98 seven dominant understory plant species in a deciduous forest in northern 99
Japan. These include summer-green, evergreen, semi-evergreen and 100
In this warming experiment, soil temperature at 5-10 cm depth was 5.5ºC 153 warmer (daily mean of [2008] [2009] ) and soil surface temperature was 3.5ºC 154 warmer in the warming plots in comparison with the control plots. There were 155 no significant differences in inorganic nitrogen (NH4-N and NO3-N) between 156 control and warming plots during growing season (Ueda et al., unpublished 157 data). 158
To record the daily snow condition during the wintertime, automated 159 cameras (KADEC21-EYEII, KONA System, Sapporo) were set in one control 160 and one warming plot. Existence of snow cover was checked by visual 161 inspection of photographs. To evaluate the warming effects on soil moisture 162 conditions, furthermore, volumetric soil water contents at 10 cm deep were 163 measured at one to two-week intervals by a soil moisture sensor (HydroSense 164 TM, Campbell Scientific Australia, Queensland) during April to September in 165
2009
. 166 167
Target species 168
We selected the following seven understory species that were common in 169 this forest: Pachysandra terminalis (Buxaceae), Dryopteris crassirhizoma 170 (Dryopteridaceae), Daphne kamtschatica var. jezoensis (Thymelaeaceae), 171
Smilacina japonica (Ruscaceae), Trillium apetalon (Melanthiaceae), 172
Parasenecio auriculata (Asteraceae), and Phryma leptostachya var. asiatica 173 (Phrymaceae). Pachysandra terminalis is an evergreen shrub of 15-20 cm high, 174 and leaf longevity is 2-3 years. It often develops multiple branching prostrate 175 stems forming a large clonal patch composed of many ramets. Shoot growth of 176 individual ramets usually occurs in late spring to early summer (Yoshie and 177 Kawano, 1986) . Dryopteris crassirhizoma is a semi-evergreen fern whose leaves 178 are arranged as a funnel shape, commonly 50-70 cm high. In late autumn, 179 leaves are prostrated on the ground in a radical pattern, then overwinter on the 180 ground. After snowmelt in next spring, overwintered leaves remain as a 181 prostrate form on the ground, then senescence gradually from distal to basal 182 parts in accordance with the expansion of new leaves from a frond located on 183 the soil surface (Tani and Kudo, 2005 in each plot (C1, C2, C3, C4, T1, T2, T3, T4) The soil heating system caused slight soil desiccation. Volumetric soil 315 water contents during April to September were 24% (ranging from 13 to 33%) 316 in the control plots, while 20% (ranging from 11 to 28%) in the warming plots in 317
318 319

Growth pattern 320
Statistical results for soil warming impacts on the performance (height 321 growth, survival of overwintering leaves or leaf production) and phenology 322 (growth initiation and termination, leaf expansion and senescence) of 323 individual species are summarized in Table 1 . 324
Pachysandra terminalis -Height growth of this evergreen shrub started in 325 mid-April and lasted until mid-June (Fig. 1) . Maximum plant height was larger 326 in the control plots (20.7 ± 0.7 SE cm) than in the warming plots (18.2 ± 0.6 cm) 327 only marginally (p = 0.06, Table A.1). Warming treatment did not influence the 328 height growth (p = 0.17), while height growth was positively related to ramet 329 size (p < 0.001). Interestingly, growth initiation was significantly delayed by 330 two weeks in the warming plots (May 6 and 21 in the control and warming plots, 331 respectively; p = 0.002), while size effect on growth initiation was not selected 332 by AIC. 333
Dryopteris crassirhizoma -Performance of overwintering leaves of this 334 semi-evergreen fern was strongly influenced by soil warming (Fig. 2a) . Survival 335 area of overwintering leaves in early April was significantly smaller in the 336 warming plots (17%) than in the control plots (84%, p < 0.001; Table A several new leaves were added in early May, but all leaves were shed by 356 mid-June (Fig. 3) . Therefore, the leafless period was about two months in 357
summer. There were no significant differences in leaf production in autumn 358 smaller plant height (13.7 ± 0.9 cm and 11.7 ± 0.5 cm in the control and 376 warming plots, respectively, p = 0.04) and acceleration of growth initiation 377 (April 23 and 14 in the control and warming plots, respectively, p < 0.0001) in 378 the warming plots, while senescence time and growth period did not differ 379 between the treatments (p > 0.10). In contrast, size effects on growth schedule 380 were common over species in which larger plants tended to show slower growth 381 initiation (for every species) and later growth termination (for three species 382 except for P. leptostachya; Effects of the warming treatment were excluded from the best-fit GLM 386 model based on AIC in both Pmax and gs in P. terminalis (Table A.5). Significant 387 seasonal trend was detected in both Pmax and gs, they tended to increase from 388 spring to summer, while decrease from late autumn to early spring, i.e. before 389 and after overwintering (Table 2) . 390
Pmax of D. crassirhizoma decreased after overwintering (Table 2) Besides the photosynthetic potential loss (Karlsson, 1985) , the early senescence 435 also might have removed the storage potential of such leaves (Shaver, 1981; 436 Jonasson, 1989) in the warming plots. Actually, the early senescence was not 437 followed by a similar advance in leaf-out and thus the leaf habit of D. (Table  448 A.3). Thus carbon balance control could explain the leafing period for this 449 species (Chabot and Hicks, 1982; Kikuzawa, 1991). Accordingly, there were no 450 significant differences in leaf production between the treatments (Fig. 3) and 451 the warming impact on the growth of D. kamtschatica may be neutral. 452 453
Earlier leaf-out in spring 454
With soil warming, D. crassirhizoma leafed out one week and S. japonica 455 1.5 weeks earlier in spring, respectively (Tables A.2 The new shoot growth of P. terminalis was delayed by two weeks in the 470 warming plots (Table A. For three of the four summer-green herbs, T. apetalon, P. auriculata and P. 485 leptostachya, no changes in leafing phenologies were observed (Table A. 
4). 486
This indicates that temperature is not the main determinant of phenology in 487 these species. In the previous study conducted in the same forest, Kudo et al. water conditions. 500
In the summer deciduous shrub, D. kamtschatica, the leafing time and 501 production of autumn leaves were independent of soil warming, whereas soil 502 warming accelerated leaf shedding in early summer. Lei and Koike (1998 ) 503 showed that the light environment influenced the leafing time and production 504 by comparing this species growing in the shade, forest edge and under artificial 505
shading. As canopy-forming trees (Quercus crispula) around the warming plots 506 did not significantly advance the leaf flushing ( Fig. A.1 Warming effect P = 0.06, t 6 = -2.3 P = 0.17, t 6 = -1.5 P = 0.002, t 6 = 4.7
Size effect -P <0.001, t 84 = 9.1 not selected Warming effect P = 0.06, t 6 = -2.3 P <0.001, t 6 = -6.8 P = 0.01, t 6 = -3.7 P = 0.005, t 6 = -4.3 P = 0.10, t 6 = -1.9 Warming effect P = 0.35, t 6 = -1.0 P = 0.59, t 6 = -0.5 P = 0.20, t 6 = 1.5 P = 0.10, t 6 = 1.9
Size effect -P <0.0001, t 66 = 5.4 P <0.0001, t 66 = 5.0 P <0.0001, t 66 = 4.4
Parasenecio auriculata Warming effect P = 0.36, t 6 = -1.0 P = 0.58, t 6 = -0.6 P = 0.67, t 6 = 0.4 P = 0.52, t 6 = 0.7
Size effect -P = 0.003, t 77 = 3.1 not selected not selected Table 2 for measurement values.
(1) Pachysandra terminalis (2) Dryopteris crassirhizoma
